Under ultrasonic irradiation, organic fluorescence nanoparticles have been prepared by a reprecipitation method. Compared with single organic fluorophores, these nanoparticles are brighter, more stable against photobleaching and more water-soluble. They also have high room-temperature fluorescence quantum yields (∼20%) and a long fluorescence lifetime (∼0.2 µs). Based on the fluorescence quenching of nanoparticles by chromium(VI), a method for the selective determination of chromium(VI) without the separation of chromium(III) in water was developed. Under the optimal conditions, the linear range of the calibration curve was 7.0 × 10 -6 -1.0 × 10 -4 mol L -1 . The detection limit was 2.8 × 10 -6 mol L -1 . The method is characterized by a short reaction time, stable fluorescence signals, simplicity and high selectivity. The present assay has been applied to the selective quantification of Cr(VI) in wastewater with satisfactory results.
Introduction
The toxicity of chromium depends primarily on its chemical form. Trivalent chromium compounds are much less toxic than those of hexavalent chromium. 1, 2 Due to its high toxicity, hexavalent chromium is under environmental scrutiny. The development of numerous analytical techniques with sufficient selectivity and high sensitivity for chromium is a permanent challenge in analytical chemistry. Several techniques, such as flame atomic absorption spectrometry (FAAS), [2] [3] [4] electrothermal atomic emission spectrometry (ETAAS), 5, 6 inductively coupled plasma atomic emission spectrometry (ICP-AES), 7 luminescence, 8 chemiluminescence, 9 spectrophotometry, [10] [11] [12] chromatography, 13 X-ray fluorescence spectrometry 14 and electrochemical methods 15, 16 have been used for the determination of chromium. Among the available methods, spectrophotometry [17] [18] [19] has been widely used for the determination of Cr(VI). However, the technique is liable to various interference effects, e.g., the presence of colloidal particles, turbidity and colored species.
Although other methods have high sensitivity, they tend to be complex and lacking in robustness.
Several separation methods with adequate detection capability for the determination of total chromium and Cr(III) have been reported, 20, 21 but none provides a simple means for determining Cr(VI) directly. Chromium(VI) concentrations may be arrived at by subtraction of the concentration of Cr(III) from total dissolved Cr. This subtraction may be subject to a large uncertainty, particularly if Cr(III) is the predominant form. Furthermore, these methods tend to be complicated and expensive to apply.
Speciation techniques based on the separation of different chromium species before detection possess the advantage of making possible the combination of selective with highly sensitive detection techniques. Although the detection limits of the combined technique can be improved by the preconcentration step, a serious drawback is the complex and time-consuming sample pretreatment, including solvent extraction, 22 coprecipitation, 23 electrochemical separation, 24 ion exchange 25, 26 and solid-phase extraction. 27 The predominant trend in recently proposed methods for the speciation of chromium is the use of liquid chromatography and flow methods of analysis. Coupled methods combining liquid chromatography with AAS detection, inductively coupled plasma, mass spectrometry and visible spectrophotometry have been developed. Ion chromatography, 28 reversed-phase liquid chromatography 29 and ion-pairing chromatography 30 are usually applied as chromatographic methods.
However, the inconveniences of the chromatographic methods are the complicated procedures and long analysis times. In some cases the resolution of the two valent forms is poor.
The aim of this work was to develop a simple method for the selective determination of chromium(VI) based on the fluorescence quenching method. Consequently, chromium(VI) can be directly and quickly determined in one step by low-cost and simple instruments.
Experimental
Apparatus and reagents A 1.0 × 10 -3 mol L -1 stock solution of chromium(III) containing 0.1 mol L -1 HCl was prepared from chromium chloride hexahydrate and a 1.0 × 10 -3 mol L -1 chromium(VI) solution was prepared from sodium chromate, which were gradually diluted with water to give the working solution. 1-Pyrenemethylamine was purchased from Sigma. All of the reagents were of analytical grade and used without further purification.
Distilled deionized water was employed throughout the experiment.
A VCX-500 (Sonic, USA) ultrasonic processor was used to prepare nanoparticles.
Transmission electron microscopy (TEM) images of nanoparticles were acquired on a Hitachi H-600 transmission electron microscope (Tokyo, Japan). Fluorescence measurements were performed using a Hitachi F-4500 spectrofluorometer (Tokyo, Japan) with a 1 cm quartz cell. pH measurements were made with a Model pHS-3C meter (Shanghai Dazhong Analytical Instrument Factory, China).
General procedure
The organic nanoparticles were prepared as follows: Under ultrasonic irradiation, 2.3 mL of a 1-pyrenemethylamine acetone solution (0.025 mol L -1 ) was slowly dripped into 400 mL water under a nitrogen atmosphere. Excess 1-pyrenemethylamine solution was removed by repeated centrifugation 31,32 and the nanoparticles colloidal solution was acquired.
In a set of 10-mL volumetric flasks, 2.0 mL of colloidal solution, 1.0 mL of 1.0 mol L -1 H2SO4 and a known volume of Cr(VI) working solution or sample solution was added and diluted to the mark. Fluorescence measurements for both the sample solution (F) and the blank solution (F0) (prepared in a similar manner without chromium(VI)) were made after the mixture was left standing at room temperature for 10 min with the following settings of the spectrofluorimeter: excitation wavelength (λex), 238 nm; excitation slit, 5 nm; emission wavelength (λem), 400 nm; emission slit, 5 nm. A calibration curve of the fluorescence quenching (marked as the value of F/F) versus the concentration of Cr(VI) was plotted.
Results and Discussion

Spectral characteristics of fluorescence
The excitation and emission fluorescence spectra of 1-pyrenemethylamine and nanoparticles are shown in Fig. 1 . It can be seen that 1-pyrenemethylamine emits a middle strong fluorescence.
The maximum excitation and emission wavelengths were 238, 283, 351 and 383, 400 nm, respectively. However, the nanoparticles produced strong fluorescence, although the fluorescence spectra were similar to those of 1-pyrenemethylamine. In this paper, we chose the peaks λex = 238 nm and λem = 400 nm for further research.
In the experiment, we found that the fluorescence intensity of the nanoparticle was significantly quenched in the presence of chromium(VI) at a proper concentration (Fig. 2) . However, the excitation and emission maxima of nanoparticles remained unchanged under all cases. Based on this, chromium(VI) was selectively determined over the range of 7.0 × 10 -6 and 1.0 × 10 -4 mol L -1 . Figure 3 gives the fluorescence lifetime spectra of 1-pyrenemethylamine and nanoparticles. In the spectra of the fluorescence lifetime, each grid of the horizontal axis represents 0.5 µs. The full width of fluorescence lifetime spectrum at half maximum represents the fluorescence lifetime. From Fig. 3 , it can be seen that the nanoparticles have a two-times longer fluorescence lifetime than that of 1-pyrenemethylamine. A TEM image of nanoparticles shows that the average size of nanoparticles is about 25 nm (Fig. 4) .
Fluorescence lifetime and TEM image
Optimization of general procedure
With the change in the concentration of a colloidal solution, the corresponding change in the fluorescence intensity is shown in Fig. 5 . It can be seen that the fluorescence intensity remains constant and maximal when the concentration of the colloidal solution is in the range of 2.5 -3.5 × 10 -5 mol L -1 . We also found that the lower was the concentration of the colloidal solution, the higher would be the sensitivity of this method, but 1′ , the excitation spectrum of 1-pyrenemethylamine (λem = 400 nm); 2′, the excitation spectrum of nanoparticles (λem = 400 nm); 1, the emission spectrum of 1-pyrenemethylamine (λem/λex = 400/238 nm); 2, the emission spectrum of nanoparticles (λem/λex = 400/238 nm). at the expense of the linear range. The final concentration of the colloidal solution used in practice was set at 3.0 × 10 -5 mol L -1 , taking both the sensitivity and the linear range into account. The change in the fluorescence of the colloidal solution with the H2SO4 concentration was investigated. The result indicates that the fluorescence of the nanoparticles reached the maximum when the volume of H2SO4 (1.0 mol L -1 ) was 1.0 ml. It was also found that when 1.0 mL of 1.0 mol L -1 H2SO4 was added, the fluorescence of colloidal solution was quenched the most by chromium(VI) (see Fig. 6 ). Thus, 1.0 mL of 1.0 mol L -1 H2SO4 was recommended for use in this work.
The dynamics of the reaction between nanoparticles and chromium(VI) was also investigated. It was found that the fluorescence intensity of a colloidal solution in the absence of Cr(VI) was stable, but gradually reduced with time, and then tended towards a constant value when Cr(VI) was present. Thus, the fluorescence intensity of the reaction system was measured after the reagents were mixed and kept for 10 min at room temperature (∼20˚C).
Calibration curve
A calibration curve for chromium(VI) was constructed according to the standard procedure. Under the optimal conditions, the value of (F0/F) was proportional to the concentration of Cr(VI) with a good linear relationship. The linear regression equation is F0/F = 0.97 + 9996.7C (mol L -1 ), with a correlation coefficient of 0.9998 (n = 10). The linear range for Cr(VI) is 7.0 × 10 -6 -1.0 × 10 -4 mol L -1 . The limit of detection (LOD) was given by the equation: LOD = KS0/S, where K is a numerical factor chosen according to the desired confidence level (here, a value of 3 for K was used). S0 is the standard deviation of the blank measurements (n = 6) and S is the slope of the calibration curve. In this work, the limit of detection is 2.8 × 10 -6 mol L -1 .
Effect of foreign ions
The effects of foreign ions on the determination of 1.0 × 10 -5 mol L -1 Cr(VI) in the system are shown in Table 1 . For the assay, many kinds of foreign ions did not interfere at a 10-fold concentration of Cr(VI). Common metal ions, such as Co(II), Mn(VII) and Hg(II), can be allowed at low concentrations, whereas other ions can be allowed at very high concentrations. Although other coexisting substances, such as H2O2, HNO2, KBrO3 and NaClO, will influence the determination, under strong acidic conditions, these substances decompose at boiling temperature. The results indicate that the present method has good selectivity.
Sample determination
Special attention was paid to the interference of Cr(III). According to the interference of foreign ions, three synthetic samples were made; the results of the determination by the standard procedure are presented in Table 2 . The results indicate that the proposed method permits Cr(VI) determination in the presence of an excess of Cr(III) ions. Using the standard procedure, no interference was observed in the presence of a 10-fold excess of Cr(III) ions. The optimized method was also applied to the sample of wastewater. The results obtained with different methods, which can be seen in Table 3 , show a good degree of agreement. The recovery values obtained in this method were checked by analyzing the wastewater samples by the DPCI standard method 33 recommended for the determination of Cr(VI) in water. The recovery values are over the range of 98.3 -102.8%, which demonstrates the applicability of the method and indicates that the proposed method is free from interference when applied to the analysis of wastewater. 
Conclusions
Organic nanoparticles of 1-pyrenemethylamine have been prepared by a reprecipitation method. Compared to small organic molecules, the organic nanoparticles simultaneously provide efficient fluorescence, a great reduction in photobleaching, colloidal stability in a variety of environments, and low nonspecific adsorption. The nanoparticles also has a longer fluorescence lifetime than small organic molecules (1-pyrenemethylamine). These nanoparticles can be used as a fluorescent sensor for a direct selective determination of Cr(VI). The proposed method for the selective determination of Cr(VI) yielded results that are comparable to those of the standard methods. This method save time and the reagent, and is simple to assemble with very inexpensive instrumentation compared to other competing methods like coupled methods, combing liquid chromatography with AAS detection. Furthermore, small fluorescent organic molecules are very abundant and commercially available. Also some of small fluorescent organic molecules have a functional group, which makes them able to react with biomolecules or ions. If these organic small molecules can be made into nanoparticles, these nanoparticles will be able to be directly used as fluorescent nanoparticle sensors without any modification. Also the choice of the fluorescent nanoparticles will be very abundant. We envision that the development of organic nanoparticles for the biological labeling or fluorescent ion sensors in environmental monitors will open up new possibilities for many multicolor experiments and diagnostics. Further studies may open new applications of organic nano-materials in biological science and environmental science. 
